In pulmonary disease the inspired air is often distributed unequally throughout the lung. The volume of the poorly aerated regions of the lung and their rate of ventilation are of importance to the clinician but quantitation of these values has been difficult.
The situation was much clarified in 1950 by Robertson, Siri, and Jones (1) who demonstrated that an unequally ventilated lung behaves as though it consisted of a number of subdivisions of smaller size, each of which is homogeneously ventilated at its own particular rate. Preliminary work which led to the same concept was also reported at this time by Fowler, Cornish, and Kety (2) . By continuously following the course of nitrogen elimination from the lungs of a subject breathing oxygen, it was possible to characterize these lung subdivisions in terms of size and ventilation rate. This information describes an unequally ventilated lung in a way which permits useful, quantitative predictions of its behavior. However, these studies required complex instrumentation.
It is the purpose of the present report to describe a simple method of quantitating unequal pulmonary gas mixing along these lines, and of measuring the functional residual capacity and correcting it for errors resulting from unequal mixing. The method employs an open-circuit arrangement, using helium as the test gas. By this means large, slowly ventilated lung sub-*divisions have been found in persons with emphysema; in severe cases the mixing inequality seems great enough to interfere seriously with conventional open-circuit residual air measurements.
METHODS
The subject first breathes a 50 per cent helium, 50 per cent oxygen mixture for 15 minutes, as shown in Figure 1A . This is usually long enough to achieve a steady state with respect to helium concentration throughout the lung. The subject is then switched at the end of a normal expiration to tank oxygen (Figure 1B) , and the expired gas is thereafter diverted into a collecting system which has been prewashed with oxygen. For at least the first 7 minutes all the expired gas is collected in a 100 liter Douglas bag for later measurement of volume and helium concentration. The expired gas stream is continuously analyzed for helium by a katharometer, as shown in Figure 1 . Approximately 250 ml. per minute is passed through a drier and carbon dioxide absorber (Ascarite), through the katharometer, through a gas-tight Thiberg pump, and then is returned to the system down-stream from the sampling point.
The katharometer system consists of a Gow-Mac' RCT thermal conductivity cell with a sealed reference cell, and an RCT control unit. The output of this system is measured by a Leeds and Northrup potentiometer having a range of 0 to 64 millivolts. This arrangement allows analysis of helium-oxygen mixtures up to about 3 per cent helium. Calibration of the equipment with known mixtures of tank helium and tank oxygen within this range yielded a linear relationship between helium concentration and the electrical potential developed by the katharometer, with a standard deviation from regression of 0.04 per cent helium. After an adequate warm-up period the katharometer is very satisfactorily stable. At the pump rate of 250 ml. per minute and with the Ascarite train, the assembly gives a 95 per cent response to change in helium concentration within 20 seconds. In addition, a few seconds delay is introduced by the volume of gas in the corrugated tubing between mouthpiece and sampling point.
This volume amounts to about 1 liter and serves the purpose of mixing expired gas sufficiently to allow a smooth wash-out curve. Because of this slight delay and its sensitive response to helium, the katharometer is suited for measuring relatively slow phases of helium excretion from the lung which may occur after the initial, rapid wash-out. For clinical purposes this terminal, slow phase of helium excretion is of primary importance. ' 
CALCULATIONS
Calculation of functional residual capacity from volume and helium concentration of gas in collecting bag Except for subjects with severe inequalities in intrapulmonary mixing, the functional residual capacity (FRC), which is the lung volume at the end of a quiet expiration, can be calculated from the volume and concentration of helium collected in the Douglas bag during the first 7 minutes.
As in other open-circuit methods, the basic procedure consists of determining the total amount of test gas which has been washed out of the lung into the bag, and dividing this volume by the concentration of the test gas in the lung before the wash-out. This Allowing a respiratory quotient of 0.80 and expressing this conventionally in terms of inspired and alveolar gas concentrations (3), it is possible to solve for FAO2:
Given the specific values of R = 0.80, FACO2 =
.060, and FI02 = F1He = 0.500, then FAO2 = .432. Substituting these values in equation (4) Two corrections must be applied to the estimate of FRC as given in equation (3) . First, the volume of the instrumental dead space and the connecting tubing which contributes its helium to the collection, in the present case a total of 180 ml., must be subtracted. In the second place, account must be taken of the error introduced by solution of helium in the body and its subsequent elimination during the wash-out period. Taking into consideration the solubility of helium in body tissues (5, 6) , the data of Jones (4) on elimination of inert gases from the body, and the duration of the absorption and excretion periods in the present procedure, it is assumed that about 75 ml. of helium will be excreted from the blood during the wash-out period. This will contribute 150 ml. to the FRC. Accordingly, the quantity of 330 ml. is subtracted from the expression for FRC, and the final expression is:
The reproducibility of the results obtained by the analytical system has been tested by repeated measurements of the volume of a glass bottle which served as a test lung. The bottle was filled with the standard helium-oxygen mixture, and the mixture was then washed into the collecting bag by a stream of oxygen. Analysis of the terminal uwash-out curve After the first 14 to 2 minutes of the wash-out period, the helium concentration in the expired air of most subjects will fall to about 3 per cent and thereby come into the analyzing range of the katharometer system. The concentration is then recorded every 15 or 20 seconds until it has fallen to 0.05 per cent, after which the analysis is abandoned. When intrapulmonary gas mixing is grossly uneven, these data can be used for two purposes: for estimating the volume and ventilation rate of the most slowly ventilated lung spaces, and for applying a correction to the FRC calculated from the 7 minute gas collection. a) Volume and ventilation rate of the "slow component" of the lung volume As found by Robertson, Siri, and Jones (1) the excretion of an inert gas from lungs with uneven mixing proceeds as though the lung consists of a number of subdivisions each of which is venti-lated homogeneously at its own rate. The total excretion rate, RT, at a given time will then be the sum of these individual excretion rates: RT = R1+ R2+ R3+ + Re where R. is the contribution of the subdivision with the slowest excretion rate.
The general behavior of a system of this kind has been described elsewhere (4) , but it is convenient to present here the features pertinent to the present situation, specifically the way in which an inert gas will be washed out of a single homogeneously ventilated subdivision: Let: VT = the total minute ventilation of the subject, in ml. V. = volume of the subdivision in ml.
(BTPS) V. = 
Q80/Ve
The denominator of this expression is the concentration of helium in the subdivision at the beginning of the wash-out period. In the present procedure this is taken to be 0.50 throughout the lung, as noted above. Knowing V., the value V.
of V. is determined from the relation V. = The use of the present analytical system in measuring ventilation rate and volume of a slow subdivision from the helium wash-out curve was tested on bottles which served as model lungs. The volume and "ventilation rates" of the bottles were known. Figure 2 shows the wash-out points obtained from two bottles of known volumes and "venti- (9) lation rates," and Figure 3 shows the result of combining the emergent gas streams and analyzing them together. From the wash-out curve and the total "ventilation rate" a reasonable estimate can be made of the volume and flow rate of the slow bottle.
In the case of an unevenly ventilated lung, the contribution of the most slowly ventilated subdivision is identified as the terminal, straight-line portion of the wash-out curve on semilogarithmic paper. If desired this can be subtracted from the remaining curve and the next slowest subdivision identified.
The 
FIG. 3. THE EFFECT OF COMBINING THE EMERGENT
STREAMS FROM THE BOTTLES OF FIGURE 2 Volumes and ventilation rates are as before. The straight lines are the calculated contributions of the two bottles to the helium concentration of the combined outflow which is represented by the curved line. The points are the experimental values found for helium concentration in the combined stream. Graphical analysis, as described in the text, predicts for the slow bottle a volume of 2500 ml. and a ventilation of 910 ml. per minute. The actual values are 2300 ml. and 800 ml. per minute.
normal subjects show no evidence of a slow subdivision, it appears that the present method is not sensitive enough to be much affected by excretion from the blood. In four normal subjects attempts were made to measure helium excretion from the blood after equilibration periods of 15 and 60 minutes followed by 2 minutes of hyperventilation to clear the lungs. After the 15 minute period, the mean excretion rate was 3.3 ml. at 5 minutes and 2.0 ml. at 7 minutes; after the 60 minute period, the rates were about 30 per cent greater. The rates are less than expected from Jones' data (4) , but the present method is inexact for these quantities.
Such amounts will not significantly affect the present measurement of slow lung spaces.
b) Correction of the slow subdivision and the FRC
Where intrapulmonary mixing is grossly uneven, the slowest ventilated subdivision will not fill completely with the helium mixture in 15 minutes, nor empty completely in 7 minutes.
Corrections for the resultant errors in Vi, V. and FRC can be made from the wash-out line of the slow subdivision. These corrections embody the assumption that helium enters and leaves the lungs with equal facility. The Table I , appear to support the procedure.
Sample calculation
The wash-out curve of a 50 year old man with emphysema is presented in Figure 4 . FRC: V(BTPS) = 92,500 ml. Figures 5 and 6 . Ventilation appears homogeneous in Figure 5 , within the limitations of the method, but a small slow space is apparent in Figure 6 . The prolonged wash-out curve of a subject with emphysema is presented in Figure 4 .
The ventilation pattern may change strikingly in some subjects. This is particularly evident in asthmatic patients following treatment with bronchodilator drugs or on spontaneous improvement. Figure 7 . Half of the normal subjects had no detectable slow space. When a slow space was found in a normal subject it comprised a relatively small f fraction of the functional residual volume and , had a relatively good ventilation compared to the slow spaces found in the subjects with emphysema. In the latter, the slowest spaces con-. 
1.
A convenient open-circuit method using helium is described for measuring the functional residual capacity of the lungs. After an initial period of equilibration on a helium-oxygen mixture, the subject begins to breathe oxygen, and the expired gas is collected for measurement of helium. Continuous analysis of the helium concentration in the expired gas allows calculation of the volume and ventilation rate of slowly ventilated lung spaces in patients with defective intrapulmonary gas mixing. 2 . Eight of sixteen normal subjects had unequal intrapulmonary gas mixing by this method. In emphysematous subjects there were very large lung spaces with very slow ventilation rates.
3. The findings suggest that the conventional open-circuit nitrogen method may significantly underestimate the functional residual volume in patients with severely impaired intrapulmonary mixing.
